Purpose. Fast identification of bacteria directly from positive blood cultures (BCs) by matrix-assisted laser desorption/ ionization time-of-flight mass-spectrometry (MALDI-TOF MS) can be achieved either using the MALDI Sepsityper kit (protein extraction method) or after a short-term pre-cultivation step on solid medium. We developed a new method that involves short-term enrichment of positive BCs in brain-heart infusion broth (BHI) prior to MALDI-TOF MS analysis.
INTRODUCTION
Rapid identification of bacteria from blood cultures (BCs) allows the timely initiation of optimal antibiotic therapy for bloodstream infections, and this dramatically impacts on patient survival [1, 2] . In fact, in cases of bacteraemia the mortality risk doubles with a 24 h delay in the provision of appropriate antibiotics [3] . Matrix-assisted laser desorption/ ionization time-of-flight mass-spectrometry (MALDI-TOF MS) is increasingly being used for routine aetiological diagnosis of bloodstream infections. In order to improve its performance, different sample preparation methods, most notably the ethanol/formic acid bacterial/fungal protein extraction method, have been implemented [4, 5] , and one of these methods is commercially available: the MALDI Sepsityper kit (Bruker Daltonics, Bremen, Germany) [6, 7] .
Nevertheless, the use of these methods results in additional hands-on processing time and increased costs. A practical and simple approach to circumventing the protein extraction step required in preparation for MALDI-TOF analysis has been developed: it requires short-term pre-cultivation of positive BCs on solid medium, and the growing biomass is then used for MALDI-TOF MS microbial identification [8] [9] [10] [11] [12] [13] [14] . This method has been shown to facilitate very early and reliable bacterial identification from positive blood cultures [8] [9] [10] [11] [12] [13] [14] . MALDI-TOF identification of bacterial pathogens grown in BCs following brief incubation on solid medium is associated with a reduction in the length of hospitalization and mortality risk in both adult and pediatric patients [15, 16] . Based on a previous study [17] , here we investigated whether pre-cultivation of positive BCs in a highly nutritious liquid media (brain-heart infusion broth, BHI) would further shorten the time to successful IP: 54.70.40.11
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METHODS

Blood culture processing
Preliminary experiments aimed at evaluating the performance of the methodological approaches described below were carried out using a test set of 10 simulated bacteraemia samples. Five Gram-negative rods belonging to Enterobacteriaceae (Escherichia coli, n=3, Klebsiella pneumoniae, n=1, Enterobacter aerogenes, n=1) and 5 Staphylococcus aureus clinical isolates were spiked into blood culture bottles (BAC-TEC Plus Aerobic/F and Plus Anaerobic/F medium bottles, Becton Dickinson and Company, New Jersey, USA) at 10 3 c.f.u. ml À1 and incubated in an automated continuousmonitoring blood culturing instrument (BACTEC FX; BD). The isolates had been grown overnight on chocolate agar medium (BD) at 36 C in air with 5 % CO 2 using an incubator (Heracell 240i CO 2 incubator, Thermo Fisher Scientific, Langenselbold, Germany). The bacterial inocula were prepared in sterile saline. The concentration of bacteria was determined by the quantitative plating method prior to inoculation into the blood culture bottles.
Next, a total of 84 non-consecutive BCs flagged as positive and collected between December 2016 and April 2017 from unique adult or paediatric patients were prospectively analysed. Only BCs positive for bacteria (revealed by Gram staining) corresponding to significant bacteraemia episodes (the presence of given bacterial species growing in two blood culture bottles drawn within a maximum of 1 h.) were included in the study. No further specific criteria (other than logistical conditions, i.e. the ability to perform the experiments immediately after BC positivity) were taken into consideration for specimen selection. When the instrument flagged bottles as positive, these were immediately processed for MALDI-TOF identification following three different protocols, performed in parallel. (1) We used the MALDI Sepsityper kit (Bruker Daltonics, MA, USA) with ethanol/formic acid protein extraction, as recommended by the manufacturer [18] . (2) We also performed a short-term culture on Columbia blood agar with 5 % sheep blood (CBA) from BD, as previously described [8] . Briefly, two drops of positive blood cultures were plated on a CBA plate and spread over the plate surface with an inoculation loop. The plates were incubated at 36 C in air with 5 % CO 2 in a Heracell 240i CO 2 incubator. (3) Finally, we carried out a short-term incubation at different time points in BHI (Oxoid Limited, Hampshire, UK) as follows: 50 µl of blood were inoculated into a volume of 500 µl of BHI in a sterile Eppendorf vial. The vials were incubated at 36 C in air with 5 % CO 2 for different lengths of time, as detailed below. Following the pre-established incubation times the vials were centrifuged at 13,000 rpm for 2 min, the supernatants were discarded and the pellets were used for MALDI-TOF MS analyses. Positive BCs were then sub-cultured overnight on chocolate agar following our routine diagnostic protocol, and the growing biomass was used for MALDI-TOF MS identification.
Matrix-assisted laser desorption/ionization time-of-flight mass-spectrometry identification MALDI-TOF MS identification from short-term and routine cultures was performed using the intact cell procedure, as previously described [19] . Bacterial identification from short-term cultures was attempted until successful at different time points: 30, 90, 180 and 240 min. The spectra were acquired using the Microflex LT system (Bruker Daltonics, Bremen, Germany) and analysed on MALDI BIOTYPER 3.3 (Bruker Daltonics) software. MALDI-TOF MS analyses were performed in triplicate on the same target slide. Criteria for successful identification were met when the spectral score of at least one out of the three spots was !2.0 (species level) and !1.7 (genus level), as recommended by the manufacturer.
Statistical analysis
Student's t-test was used for the comparison of two means. A P value 0.05 was deemed to be significant.
RESULTS
We reasoned that enrichment of BC bacterial mass in a highly nutritious liquid medium (BHI broth) could shorten the time to successful MALDI-TOF identification currently achieved by short-term incubation on a solid medium (CBA). To test this hypothesis, we conducted preliminary experiments using a set of 10 paired blood-culture bottles (aerobic and anaerobic) spiked with five fermentative Gram-negative rods (Escherichia coli, n=3, Klebsiella pneumoniae, n=1, Enterobacter aerogenes, n=1) and 5 Staphylococcus aureus clinical isolates. We evaluated the performance of both procedures after pre-cultivation for 30, 90, 180, and 240 min. Overall, both Enterobacteriaceae and Staphylococcus aureus isolates were identified earlier after enrichment in BHI. Specifically, 4 and 3 Enterobacteriaceae were identified following 30 min incubation in BHI and on CBA, respectively, and 5 and 2 Staphylococcus aureus were identified after 90 min of pre-culture in BHI and on CBA, respectively. All Enterobacteriaceae were identified after 90 min of pre-culture irrespective of the medium used, while it took 180 min to achieve correct identification of all Staphylococcus aureus isolates by either method.
Matrix-assisted laser desorption/ionization timeof-flight mass spectrometry identification of bacterial species grown in routine blood cultures following different methods A total of 84 positive BCs were used for the experiments described below. Of these, 40 were aerobic, 38 anaerobic and 6 were pediatric. A single bacterial species was isolated from all the BCs. These were fermentative Gram-negative rods (n=33), non-fermentative Gram-negative rods (n=7), fastidious Gram-negative rods (Campylobacter coli, n=1), anaerobic Gram-negative rods (n=1), Gram-positive cocci (Staphylococcus spp., n=26, Streptococcus spp., n=7, Abiotrophia defectiva, n=1 and Enterococcus spp., n=7) or Gram-positive rods (n=1). As shown in Table 1 , all bacteria were correctly identified at the species level by MALDI-TOF MS after overnight sub-culture on chocolate agar. The MALDI Sepsityper kit assay failed to identify 19 isolates (34.6 %) at the species level, most notably coagulasenegative Staphylococcus spp. (CNS), Streptococcus pneumoniae and Acinetobacter baumannii. Out of these 19 isolates, the MALDI Sepsityper kit allowed identification of 5 isolates at the genus level (Streptococcus spp., Enterobacter spp., Acinetobacter spp., Pseudomonas spp. and Listeria spp.). However, these were misclassified at the species level.
Pre-cultivation in BHI for up to 4 h. produced slightly better results than pre-cultivation on CBA. In fact the BHI method was able to identify all but 7 bacterial species (Acinetobacter baumannii, n=1, CNS, n=2, Staphylococcus aureus, n=1, Streptococcus pneumoniae, n=2 and Abiotrophia defectiva, n=1). In turn, 9 bacterial species could not be identified following short-term pre-culture on CBA; in 8 cases these were Gram-positive cocci and, as expected, Bacteroides vulgatus. All but one of the bacterial isolates (Streptococcus oralis) were identified at the species level by either short-term culture method; Streptococcus oralis was denoted as Streptococcus mitis/oralis, with a spectral score of 1.83; for Klebisella oxytoca (1) 1 (100) 1 (100) 1 (100) 1 (100)
Enterobacter aerogenes (1) 1 (100) 1 (100) 1 (100) 1 (100)
Citrobacter freundii (1) 1 (100) 1 (100) 1 (100) 1 (100)
Serratia liquefaciens (1) 1 (100) 1 (100) 1 (100) 1 (100)
Serratia marcescens (1) 1 (100) 1 (100) 1 (100) 1 (100)
Non-fermentative Gram-negative bacilli (7) 6 (85.7) 7 (100) 3 (42.8) 7 (100)
Acinetobacter baumannii (4) 3 (75) 4 (100) 1 (25) 4 (100)
Pseudomonas aeruginosa (2) 2 (100) 2 (100) 2 (100) 2 (100)
Other Gram-negative bacilli (1) 1 (100) 1 (100) 1 (100) 1 (100)
Campylobacter coli (1) 1 (100) 1 (100) 1 (100) 1 (100)
Anaerobes (1) 1 (100) 0 (0) 1 (100) 1 (100) Streptococcus oralis (1)* 1 (100) 0 (0) 0 (0) 1 (100)
Enterococcus faecium (1) 1 (100) 1 (100) 1 (100) 1 (100)
Gram-positive bacilli (1) 1 (100) 1 (100) 0 (0) 1 (100)
Listeria monocytogenes (1) 1 (100) 1 (100) 0 (0) 1 (100) *Identified as Streptococcus oralis/mitis by MALDI-TOF MS.
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analytical purposes, this was deemed a correct identification at the species level.
Pre-cultivation of blood cultures in brain-heart infusion broth accelerates matrix-assisted laser desorption/ionization time-of-flight mass spectrometry identification Next, we evaluated the time required for successful bacterial identification at the species level by performing MALDI-TOF MS on intact bacterial cells following short-term precultivation either in BHI or on CBA. Overall, the mean incubation time to correct identification was shorter when pre-cultures were performed in BHI (the mean time for Gram-negative rods was 78.2 min in BHI and 108.2 min on CBA, P=0.045); the mean time for Gram-positive cocci was 128.5 min in BHI and 169.6 min on CBA, P=0.013). This finding also extended to most bacterial isolates included in our panel (Table 2 ). In fact, pre-cultivation on CBA only outperformed that in BHI in BCs positive for Pseudomonas putida, Acinetobacter baumannii and Staphylococcus haemolyticus.
Strikingly, pre-cultivation for 30 min in BHI allowed successful identification of 63.3 % of Enterobacteriaceae (vs. 33.3 % when pre-cultivation was performed on CBA), and especially, Escherichia coli (78.9 vs 36.8 %); after 90 min, 93.9 % of Enterobacteriaceae were correctly identified (in comparison with 78.8 % following pre-cultivation on CBA). Furthermore, overall, pre-incubation in BHI accelerated identification of most isolates of Staphylococcus spp., Streptococcus spp. and Enterococcus spp. Of note, Listeria monocytogenes was correctly identified after pre-cultivation for 90 min in BHI, while it required 240 min when pre-cultivation was performed on CBA. Irrespective of whether pre-cultivation was performed in BHI or CBA, the time to correct identification of Gram-positive bacterial species was longer than that of Gram-negative rods, and among the latter, non-fermentative Gram-negative bacilli and fastidious organisms (Campylobacter coli) required longer pre-cultivation times than Enterobacteriaceae. Of note, all methods compared failed to correctly identify one or more of Streptococcus pneumoniae, CNS and Abiotrophia defectiva isolates included in the panel. As shown in Table 3 , the time to successful bacterial species (both Gram-negative and -positive) identification by MALDI-TOF MS after short-term precultivation in BHI was directly related to the time to BC positivity.
DISCUSSION
The use of MALDI-TOF MS for direct and rapid identification of microorganisms from positive BCs leads to reduction in the time required fror antimicrobial regimen optimization, reduced hospital and ICU lengths of stay, improved patient outcomes and decreased overall hospital costs [20] . In this context, here we show that, overall, precultivation of positive BCs in BHI up to 4 h prior to MALDI-TOF MS processing outperforms both the MALDI Sepsityper kit and pre-cultivation on solid medium (CBA) in terms of successful and rapid bacterial species identification.
First, correct identification down to the species level was achieved in 91.6 % of positive BCs after enrichment in BHI broth (in our experience, using a less stringent cut-off score of -!1.7 for species identification did not result in an increased identification yield -not shown) versus 65.4 % with the MALDI Sepsityper kit; this latter figure is remarkably similar to that reported in other studies [4-8, 16, 18-23] . Of note, our method performed better than the MALDI Sepsityper kit for both Gram-negative rods and Gram-positive cocci.
Second, successful bacterial species identification following pre-incubation on CBA was achieved in a slightly lower number of isolates (89.2 %) than after enrichment in BHI. This figure is higher than that reported in previous studies [8] [9] [10] [11] [12] [13] [14] , where it was found not to exceed 85 % of bacterial isolates; Nevertheless, direct comparison of these studies, including ours, is not straightforward owing to the use of different MALDI TOF MS instrumentation, sample processing protocols, assorted MALDI-TOF MS results analyses and interpretation rules. In all the above studies [8] [9] [10] [11] [12] [13] [14] , as in ours, the rate of successful identification at the species level was higher for Gram-negative organisms than for Gram-positive bacteria, particularly for Enterobacteriaceae.
In a previous study [8] , overall, the mean pre-cultivation time in solid medium to successful species-level identification was 4.6 h. Interestingly, the authors reported that their method performed better for Gram-negative rods than for Gram-positive cocci; in fact, 76.2 and 95.2 % of the Gramnegative rod species included in the panel were correctly identified after 2 and 4 h of pre-cultivation. In turn, only 18.6 % of Gram-positive aerobic cocci were successfully identified following 4 h incubation. Here, we show that pre-cultivation in BHI markedly reduced the time to correct identification to the species level, both for most Gram-negative rods, specially those belonging to Enterobacteriaceae, and Gram-positive cocci included in the panel, with respect to the time after pre-cultivation on CBA.
The impact of performing a rapid enrichment step on broth medium on producing faster and more accurate BC bacterial species identification was first noticed by Kroumova and colleagues [17] , who used BHI, as we did in the current study; this is thought to be principally related to the rapid increase in bacterial biomass produced by growing them in a highly nutritious liquid medium; they correctly identified most Gram-negative and -positive bacteria to the genus level after protein extraction, with an average identification time of 3 h [17] . Thus, it may be possible to further increase the performance of our method (in particular for Grampositive cocci) by coupling it to protein extraction after pre-cultivation, as shown by Idelevich et al. [8] when the pre-cultivation step was done on CBA. Nevertheless, this would increase the complexity of the method and especially its hands-on time.
Our methodological approach is simple and only requires one centrifugation step, thus taking less than 10 min to complete; this, however, reduces the effective gain in time to bacterial identification with respect to that following preincubation on solid medium, which does not require a centrifugation step. It remains to be demonstrated whether the net reduction in the time to bacterial identification afforded by our method proves to be clinically meaningful. In this context, an 87 % species-level success rate identification was recently reported using a modified protocol that omitted both a pre-incubation step and protein extraction [24] ;
however, that study also reduced the stringency required for accurate species-level identification with respect to that originally recommended by the manufacturer (spectral scores >2.0).
It is worth mentioning that no special practical skills or experience are needed to perform our method; in fact, in our hands, the results were reproducible across operators (data not shown).
The advantage of this new methodological approach over the other methods evaluated herein is undoubtedly its speed 
Non-fermentative Gram-negative bacilli (7) 
Pseudomonas aeruginosa (2) 1 (50) 1 (50) 1 (50) 2 (100) 0 (0) 0 (0) 1 (50) 2 (100)
Staphylococcus ( in yielding correct bacterial species identification from BCs. This means that its potential clinical impact would be maximized when the test is performed immediately after BCs are flagged as positive and, in turn, would be weakened if positive BCs are batched for analysis [25] . We are aware that systematic integration of a short-term pre-cultivation step prior to MALDI-TOF MS analysis may require drastic (and perhaps unfeasible) reorganization of the laboratory workflow. Thus, selection of BCs which would potentially benefit from such an approach would likely be a suitable strategy for laboratories unable to cope with the extra work load. In this sense, the time to BC positivity may be taken as indicative of an eventual successful bacterial identification to the species level. For example, correct bacterial species identification (both Gram-positive and -negative) after a pre-cultivation step in BHI for 30 min was systematically achieved when BCs turned positive earlier than 16.6 h after BC incubation (see Table 3 ). Accordingly, we have implemented this bacterial identification strategy in our diagnostic laboratory routine. For those BCs flagged as positive later (>16.6 h), pre-incubation in BHI is prolonged to 4 h prior to MALDI TOF MS identification.
Our methodological approach, nevertheless, has one major limitation: it may not allow identification of several bacterial species (Acinetobacter baumannii, certain CNSs, Abiotrophia defectiva and Streptococcus pneumoniae), which would likely require longer pre-cultivation times. In addition, we do not know how the method performs in the setting of polymicrobial bloodstream infections.
The relatively small sample size of BCs used here may be viewed as another limitation of this study; nevertheless, most bacterial species commonly involved in bloodstream infections were represented in our panel, so that we believe the data presented are revealing and warrant further larger prospective validation studies.
In summary, we optimized a method for the rapid and reliable identification of common bacterial species involved in bloodstream infections based upon short-term pre-incubation of positive BCs in BHI and subsequent MALDI TOF MS analysis that outperforms direct identification by the MALDI Sepsityper kit and that following pre-cultivation on solid medium. Further prospective studies are needed to validate our method and gauge its potential clinical impact on the management of bloodstream bacterial infections.
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